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Chapter 1

General. Introduction.

1.1 Importance of Equilibrium Distribution Coefficient in Metallurgical

Processes.

The micro-segregation of solute elements in engineering steels is known to
affect considerably the physico-chemical and mechanical properties of the mate-
rials, and so far a number of studies have been made to investigate the mecha-
nisms of the segregation of the solutes and to improve the quality of steels.
The micro-segregation of the solutes in steels is essentially caused by various
factors and its formation mechanism is very complicated. However, the most dom-
inant factor is regarded to be the redistribution of the solutes during solidi-
fication, which is caused by the difference between solidus and liquidus in the
phase diagram of the alloys. So, the ratio of the concentration of the solute
X distributed between solid and liquid phases at the equilibrium state, that is
to say, the ratio of the concentration of the solute on solidus and that on
liquidus as shown in Fig.1-1 is considered to be very important factor for the
micro-segregation. Generally this ratio is given in Eq.(1-1) as l(ﬁ and called
equilibrium distribution coefficient, and also ¢ 1—kb ) is termed the segre-
gation coefficient.

kb =Nx / Nk (1-1)

where Ny and N,'( are the concentration of X in solid and liquid phases, res-

pectively.
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Fig.1-1 Solidus and liquidus near the melting point of iron.

—-1-



Although kg shows the equilibrium distribution of the solute between solid
and liguid phases, some equations have been reported to indicate the redistribu-
tion of the solute also for the non-equilibrium state, in which the solidifica-
tion proceeds at a finite rate. For example, the solute distribution along the
initial portion of the rod specimen to solidify is given as below by Burton et
al.1) or Smith et a|.2) and so on.

For complete or partial mixing of liquid and no diffusion in solid,

NS | kg

N° Tk, + (1-k,) exp (-Rd/D)
(Burton’s equation) (1-2)

For mixing in liquid by diffusion and no diffusion in solid,

NS

.

N |~

N° 2

(Smith’s equation)  (1-3)

In all of the equations described above, the terms of kg of the solute
element are surely involved. "Hence, it is of considerable importance to know
the values of ko of various elemenis in iron alloys whenever the problems,
which are ascribed to the redistribution of the solute during solidification,
are discussed. The values of kg described above are mainly for binary alloys.

There are many kinds of iron and steels including various alloying elements
at a wide variety of compositions. Thus, the values of ko at various compo-
sitions in iron base multi-component alloys should also be required to examine
the micro-segregation in such alloys because ko of the solute in multi-compo-
nent iron alloys, i.e. F e—C base alloy which is one of the most fundamental
alloys, are considered to be different from that in binary alloys due to the
effects of their solute-interactions. However, the comprehensive studies about
ko not only in F e —C base alloys but also in multi-component iron alloys
have been done neither experimentally nor theoretically.

With the above background, therefore, the experimental and theoretical

o

[] +erfy(R/2D)x + (Zko—])exp{ -ko(1-ky) E X}erfc{ (2ko-])v/(R/D)x
D

)



studies on kg in iron base multi-component systems are very useful in order
to make clear the physico-chemical properties of iron alloys and also to obtain
the fundamental information to explain the various phenomena of solidification

concerning to the micro-segregation in steels.



1.2 Surveys of Previous Studies.

Values of the eguilibrium distribution coefficients of various elements, |
ko in iron alloys previously published by other investigators:3"]5) are |isted
in Table 1-1. It is obvious from this table that there exist noticeable dis-
crepancies among these values of kg in each system. The methods obtaining
ko can almost be divided into the following three kinds, namely,

1) From liguidus and solidus of phase diagram.

2) From thermodynamical calculation.

3) From direct determination of kg by experiments, for example, the meas-
urement of concentrations in guenched specimens including solid and liguid coex-
isted phases or using Burton’s equation]) or Smith’s equationz) » and so on.

As is seen from Table 1-1, most of the values of kg were determined by
means of the above methods 1) and 2).

in the method 1), the accuracy of kg obtained from phase diagrams is de-
pendent upon that of phase diagram. In general, it is said that the accuracy of
solidus might be less than that of liquidus. This is why the ligquidus can be
determined by a thermal analysis but it is very difficult to obtain the solidus
by such a method. Hence, the accuracy of solidus influences that of kg but
the phase diagrams whose solidus has been established are very few. Also, the
curvature of solidus or liquidus makes the determination of ko more difficult.
Thus, the method 1), that is to say, to determine kg from phase diagrams is
considered unreliable.

in the method 2), Hays et al.e) obtained ko for a diluté solution thermo-

dynamically by using the following equation.
ke =1- mAHm /RTH (1-4)

where R is gas constant, Tm and AHm are melting point and heat of fusion of
solvent metal respectively, and also m is the slope of liguidus at infinite

dilution of the solute.



When kg is obtained by using Eq.(1-4), the value m is reguired but it
must be determined by means of the phase diagram. Also, the calculation is very
sensitive to the choice of liguidus slope, and an additional difficulty is that
there is noticeable curvature on the liquidus curves.

Wada et al.g) also determined ko thermodynamically. They calculated the
free energy change accompanied by transfer of alloying elements from one phase
to another using solidus, liguidus and phase boundary curves of a— 7 phase
transformation in phase diagrams to obtain ko .

Consequently, values of ko having been decided thermodynamically in the
past are dependent upon the accuracy of phase diagram.

So, it is considered more appropriate to determine ko experimentally as
described in 3). Then, some of the experimental procedure to obtain kg are
arranged as follows.

@ Davis!®) Fischer et a1.7) and so on determined ko from the relation be-
tween the concentration distribution of the solute and the distance in the rod
specimen solidified uni-directionally. For instance, provided that the mixing
in liquid is caused by only diffusion and there is no diffusion in solid, the
solute distribution along the initial portion of the rod specimen to solidify is
given by Smith et al.2) in Eq.(1-5).

wv

N3 [1+erf/W+(2ko-1 Jexp{-ko (1-ko)R x} erfef{Zaz1 )/ (R/D)X }]

vhere X is the distance from the start point of solidification, R the solidi-
fication velocity and D the diffusion constant of the solute in liquid. A set
of concentration-distance curves are calculated for various values of kg , and
by comparison of the curves with an experimental one the correct kg can be se-
lected. However, when the above equation is used, the condition, the mixing in
the liquid by only diffusion and no diffusion in the solid, must be satisfied.
Since the convection in the liquid should further be excluded, the experiment at
elevated temperature becomes much more difficult. Also, the data of diffusion

_.5_..



constant of various elements in liquid metals are needed but so far the reliable
data have scarcely been obtained.

In this experimental method, a precise measurement for the concentration at
a solid-liquid interface can be done at a plane interface than an irregular one.
To achieve a plane solid-liguid interface, high G/R values are needed where
G is a temperature gradient ahead of interface. However, as the morphology of
the interface depends on not only G/ R but also the contents of alloying ele-
ments, this method is used only for the alloys which contain small amounts of
solutes. For example, Davisls) obtained ko of Ag, Sb, Pb and so on in
S n alloys by using Eq.(1-5), but the contents of those solute elements were
smaller than 0.05 wi}.

In the case of engineering alloys whose solute contents are comparatively
large, higher G/ R value is required. So, virtually a plain interface can not
be obtained during solidification and the precise measurement of the concentra-
tion distribution is very difficult.

@ There is another experimental procedure by using the rod specimen. The
specimen is set in the furnace with temperature gradient. Solid and liquid
phases coexist at the interface. The specimen is guenched when the plain inter-
face is obtained and also the equilibrium is achieved. Then, the concentrations
of the solute in both solid and liquid phases at the interface are measured to
obtain Ko . Uneda et al.)”/!®) used this method to determine values of ko of
various solute elements in some kind of engineering steels. In this case, the
true equilibrium between solid and liquid phases can not be achieved because the
two phase region of solid and liquid coexisted is not taken into account in this
method. Hence, this experimental procedure can be applied to only the alloys of
which the two phase region is very narrow. In other words, it is considerably
difficult to determine kg of solute elements in Fe—C and F e —P base
alloys, which have wide two phase regions, by this method. Also, as the speci-
men is large and it is quenched together with the cell, the cooling rate is so

small that the equilibrium between solid and liguid phases at elevated tempera-
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ture may not be well preserved.

@ Then, other method is described below. The solid and liquid phases are
equilibrated at a fixed temperature. After guenching the specimen, the concent-
rations of the solute elements are measured to determine ko . This experimen-
tal method has been used by Kirkwood et al1920) okamoto et al 2122)Takahashi et
al?%nd Schiirmann et a|.24~26) to obtain ko in iron alloys.

However, in this method some problems are pointed out. For instance, the
disturbance of the concentration at the interface and that of the structures in
liquid phase occur during quenching. And such problems have not been investi-
gated enough. For example, Kirkwood et al.’g) reported the wrong values of kp
because of the insufficient metallographical observation of the quenched speci-
wens and then they corrected those va!ues.ZO) However, this experimental method
seems to be most faithful to the definition of kg . Thus, if the experimental
procedure are carefully checked, this method is considered most suitable to de-
termine Ko .

In Table 1-1, described above, the valus of kg are mainly in iron base
binmary alloys. The equilibrium distribution coefficient kg of a soluie ele-
ment in multi-component systems such as engineering alloys is considered to be
different from ko in iron base binary alloys because of the solute-inter-
actions. In particular, since the interactions between carbon and the alloying
element is fairly large in F e —C base alloys, ko of the alloying element is
thought to change with the concentration of carbon. For example, the micro-seg-
regation ratio of P27'28) and C r29) were reported to change with carbon
content in F e —C base steels. Okamoto et al.21'22) showed that ko of Si
and Cr change with the concentration of C in Fe—C alloys. However, even
in these fundamental alloys, enough information of the influences of C on ko
or the micro-segregation ratios of the alloying elements have hardly been ob-
tained.

Recently, Kirkwood et al.],Q'ZO) Okamoto et 31.21,22) and Umeda et al]?,l&)

measured ko of various elements in multi-component iron alloys. However they

-7 —



reported only the values of ko at some compositions in a few kinds of iron
alloys. Thus, the comprehensive study concerning the relation between kg in
multi-component systems and the solute-interactions has not yet been established
both experimentally and theoretically.

If the value of ko can strictly be calculated thermodynamically, the ef-
fects of the solute-interactions on ko may be clarified. Kirkwood et a12®) and
Okamoto et al.2]'22'30) calculated ko by using the thermodynamical data, but
they only compared their experimental results with the calculated ones and did
not investigate the relations between ko and the solute-interactions enough.
Therefore, it is expected that if the thermodynamical and statistical knowledge
of the activity or the interaction parameter can be applied to solve the above
unknown relations, the useful results would be surely obtained.

Furthermore, if the factor controlling kg of the solute element in iron
base bimary alloys are made clear theoretically, it is very interesting from the
view point of physical chemistry and also the prediction of the value of kg in
the case of no measured values for the equilibrium distribution coefficients.
Hume-Rothery et a|.31'32) studied the change of the solidus and liquidus in the
phase diagrams of various alloys, and they described that the difference between
the partial excess free energy of the solute element in liguid and that in sol id,
which is obtained from the slope of liquidus and solidus in the various phase
diagrams, changes periodically with the atomic number of the element. However,
the factors, upon which those differences of the excess free energy and thier
periodicity depend, have not been investigated enough.

As described above, there are a lot of problems, which have to be investi-
gated experimentally and also theoretically, about the equilibrium distribution
coefficient, ko , of various elements and the influences of the solute-interac-

tions on kg in iron alloys.



Table 1-1 Equilibrium distribution coefficient in iron alloys.
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A . From thermodynamics.

B : From zone meiting.
C : From application of Burton’s or Smith’s equations.

D : From measurement of concentrations in quenched specimens including
solid and liquid phases.

E : From phase diagram.



Table 1-1 Continued.
Element Composition k’é Method Ref.
(wt. 21
0.90 A (5
Co (8) 0.94 A (6)
Cr) 0.95 A (5)
0.56 A (8)
0.592 E )
(8) 0.028 - 0.055 0.70 C o
Cu 0.90 A (6)
0.70 A (6)
(7] 0.88 A (5)
0.27 E (1)
(6) 0.27 A (8)
H 0.32 A (5)
(rl 0.45 A (5)
0.123 E )
0.15 E 3
0.6 - 0.7 E (13)
0.68 E 1%
0.025 - 0.22 0.73 *0.04 C 49
(s8] 0.3-1.0 0.73 D (12)
0.76 A 9
Mn 0.80 - 9.90 E 1)
0.84 A (3
0.90 A (6)
0.75 A (6)
(7] 0.78 A €¢))
0.95 A (5)
0.7 E 3
0.70 E (5)
(8) 0.74 A €)]
0.80 A (5)
Mo 0.86 A - (6)
0.57 A 9
(r) 0.6 A )
0.25 A (6)
0.28 A (5)
(8) 0.32 A ¢))
. 0.38 E 1)
0.48 A (6)
(7] 0.50 A (9)
0.54 A (5)




Table 1-1  Continued.
Element Composition K Method | Ref.
(Wi.%)
0.030 - 0.035 0.549 E )
0.75 C €))
(8) 0.76 A €¢)]
0.80 A (5)
Ni 0.83 A (6)
Cr) 0.85 A (9)
0.95 A (5)
0.02 E (1)
0.02 A (5)
(&) | 0.012 - 0.096 0.022 B an
0 0.1 B 3
0.10 A ¢))
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0.2 E 3
P 0.2 - 0.5 B (15)
0.07 - 0.28 0.23 D 12
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0.28 E @)
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0.08 A (9
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0.20 - 0.45 0.025 D (12)
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S 0.05 A (8)
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(r) 0.02 A (5)
0.05 A (6)
0.6 E Qs
0.62 A ¢)}
0.66 A (8)
0.7 E 3
Si (&) 0.77 % 0.04 C )]
0.83 A (6)
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0.84 E 1)
0.912 E )




Table 1-1  Continued.
Element Composition k’é Method Ref.
vt.X)
Si (r) 0.5 A )
0.54 A (9)
0.14 A (5)
0.40 A (6)
(8) 0.6 E (3)
Ti 0.60 E 1)
0.07 A (5)
C7) 0.3 A (6)
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v
(r] 0.5 A 5
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1.3 Purpose and Arrangement of the Thesis.

Equilibrium distributions of the solute elements between solid and liquid
phases in iron alloys have not been studied enough as described in this chapter
1.2.' The purpose of this work is to discuss the equilibrium distribution of the
solute in iron base multi-component alloys experimentally and theoretically, and
to obtain fundamental knowledge to explain various phenomena during solidifica-
tion concerning to micro-segregation in iron alloys. In this thesis, these re-
sults are described in the following eight chapters.

Chapter 1 of general introduction will be followed by chapter 2 which
describes the equilibrum distribution of carbon between solid and liquid phases
in iron-carbon binary alloys.

Subsequently, the factors controlling the equilibrium distribution coeffi-
cient in iron alloys and also the equilibrium distribution of the third elements
in Fe—C base ternary alloys will be discussed experimentally and theoreti-
cally in chapter 3.

In chapter 4, the effects of solute-interactions on the equilibrium distri-
bution of solute elements between solid and liquid phases in iron base ternary
alloys will be examined and the new thermodynamical coefficient to represent
such effects will be derived. The next chapter will describe the derivation of
the parameter indicating effects of solute-interactions on the equilibrium dis-
tribution of solute elements between solid and ligquid phases in iron base multi-
component alloys and also the experimental results on the influences of Si, V
and Co on the variation of ko of Sn and Cu with carbon in Fe—C
base quarternary alloys. The experimental results are compared with the calcu-
lated ones by using the parameter derived in this chapter.

Then, the equilibrium distribution of P in Fe—P and Fe—-P—-C
alloys will be examined in chapter 6. Also, in this chapter, thermodynamical
relation between equilibrium distribution coefficient of various elements for
a phase and that for ¢ phase in iron alloys will be discussed.

Furthermore, the equilibrium distribution of gaseous elements between solid



and liquid phases in Fe, Co, Ni and Cu base alloys will be examined in
chapter 7.

Finally, concluding summary will be given in chapter 8.
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Chapter 2

Equilibrium Distribution of Carbon between Solid and Liquid Phases

in_lron-Carbon Binary System.

2.1  Introduction.

Since the experimental method, in which the liquid and solid phases coexist
at equilibrium state and concentrations of the solutes in quenched specimens are
measured by E PMA, has been suggested to be most promising procedure to de-
termine kg in the previous chapter 1.2, this procedure was used in this work.
First of all, the fundamental investigation must be required for this experimen-
tal method, for example, the disturbance of the concentration at interface be-
ween solid and liquid phases during quenching mainly caused by the diffusion of
the solute, which is one of the most important problems in this procedure.

So, in this work, this procedure was applied to F e —C alloys because
the diffusivity of carbon in this system has been known to be large, and the
validity of the application of the experimental method to this alloy was also
discussed. On the other hand, there scems to exist some discrepancies, particu-
larly, about solidus in this alloy and no detail discussion on this point in
the previous studies. Then, solidus and liguidus obtained experimentally were
compared with the curves given in other works and also with the calculated re-

sults using thermodynamical data.

2.2 Experimental.

2.2.1 Apparatus for Quenched Specimens.

The apparatus for preparing quenched specimens is shown in Fig.2-1. A
sample weighing 7 g was placed into an alumina crucible in purified argon
atmosphere. After melting down of the sample, it was cooled to a fixed tempe-

rature between 1423K and 1673K, at which austenite and liquid phases coexist,
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Fig.2-1 Apparatus for quenching specimens.

and held at that temperature for a given time. When equilibrium was achieved,
by withdrawing the stopper, the sample fell through the hole at the bottom of
the crucible and was quenched into oil, to make specimen including two phases
having been liguid and solid before quenching.

As the vertical tube furnace used had a hot zone of 50 mm length and the
height of the sample was within 10 mm, it is reasonable to expect that the solid

distribution in the sample was uniform.

2.2.2 Sample and Holding Temperature.

Compositions of samples used and their eguilibrium holding temperatures are
listed in Table 2-1. These samples were prepared in the high frequency induc-
tion furnace from electrolytic iron and pure graphite.

The equilibrium holding temperature was fixed to make the ratio of solid in

the specimens from 5 to 10 ¥.



Table 2-1  Chemical compositions(wt¥) and equilibration
temperatures (K) for F e —C specimens.

No. Temp. C Si Mn P S Al
(K]
1 1446 3.81 0.153 0.005 0.003 0.005 0.111
2 1521 3.30 0.164 0.005 0.003 0.003 0.164
3 1596 2.57 0.108 0.005 0.003 0.004 0.080
4 1632 2.41 0.109 0.010 0.003 0.004 0.064
5 1672 1.79 0.085 0.005 0.003 0.005 0.025

2.2.3 Egquilibration Time.

To determine the time required to establish complete equilibrium between
the two phases, a series of experiments were carried out on Fe-3.8 wil C
alloys, in which specimens were quenched after different holding times at
1446 K. The results of the analysisvof carbon from the central regions of the
the solid phases are given in Fig.2-2. This figure shows clearly that the equi-
librium was achieved after holding the specimens for about 30 min. Consequently,

the holding time was determined to be 1 hr.
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Fig.2-2 Carbon concentration in austenite of the F e —C alloy
held at 1446K with equilibration time.



2.2.4 Metallographic Structure of Quenched Specimens and Measurement of
Concentration Distribution by EPMA..

All the specimens were spherical, and the solid phases were distributed
uniformly in each specimen. Photograph 2-1 shows the metallographic structures
of the quenched specimens, where circulars are solid phases and the other part
is liquid one which had existed before quenching. In these photographs, Nos. 1
and 5 are the specimens held at the lowest and highest temperature, respective-
ly. It is obvious from these photographs that the quantities of dendrites which
crystallized in liquid phase during guenching increase as the holding tempera-
ture becomes higher and higher. Since the carbon content of No. 1 specimen is
approximately equal to the eutectic one, the quantities of crystallized auste-
nite are quite small during solidification as obvious from Photo.2-2 (A). On
the other hand, although the carbon content of No. 5 specimen is less than the
maximum carbon solubility in austenite, its structure consists of austenite
grains surrounded by cementite divorced from ledeburite as shown in Photo.2-2(B).
As exhibited in Photo.2-1, the average diameter of the solid phase is about
100 ~200 um in the specimen held at lower temperature but about 300 um in
the specimen held at higher temperature because the rate of coarsening of the
solid phase at higher temperature is-larger than at lower one.

Electron probe micro analysis was carried out by scanning the focussed beam
over a region which included both solid and quenched liquid. Since the struc-
ture of the liquid phase in the specimen was not so uniform as that of the solid
phase, in the liquid phases a focussed beam was moved over the distance which
was 2 or 3 times of the diameter of the solid phase, and the concentrations at
the liquid region of each specimen were averaged. In this experiment, using
electrolytic iron, 0.69 wt¥ C steel and 4.24 wiX C cast iron, the relation
between X —ray intensity and carbon content was established. The caron con-

centrations were determined by use of the calibration curve as shown in Fig.2-3.
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Fig.2-3 The calibration curve for carbon in electron probe
micro analysis.

2.2.5 Concentration Distribution.

Some examples of the concentration distribution measured by EPMA are
given in Fig.2-4. It is obvious from this figure that in the specimen held at
higher temperature, the disturbance of concentration distribution is remarkable
because the quantity of dentrite crystallized in the liquid phases is large. In
determination of equilibrium carbon concentration in the solid phase, the values
at the center of the solid phase in which carbon concentration is uniform as

illustrated in Fig.2-4, were used.

2.3 Results and Discussion.

2.3.1 Experimental Results.

Figure 2-5 shows the measured carbon concentration in both solid and liquid
phases as a function of temperature in the F e —C system, and the solidus and
liquidus which were obtained by fitting the plots by curves. This figure also

indicates the liquidus by Buckley and Hume-Rothery])

, and the solidus by Benz
and EHiott,Z) Adcock,3) and Honda and Endo.l’,) So far a number of studies

have been carried out on the liguidus except Buckley and Hume-Rothery, but all
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Fig.2-4 Carbon distribution in quenched specimen.



these results coincide very well with that of Buckley and Hume-Rothery. So,
those results are not shown in this figure. On the other hand, there are some
types of solidus curves, for example, the curve convex downward by Honda and
Endo, the one slightly convex upward by Adcock and the straight line by Benz and
Elliott. This fact means that the determination of solidus is more difficult
than that of the liquidus. The liquidus obtained in this work corresponds to
that of Buckley and Hume-Rothery, and extrapolating the liquidus of this work

it reaches eutectic point which has already been established as most reliable.
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Fig.2-5 Experimental and calculated results corresponding to
the solidus and liquidus of austenite-liquid iron
in the F e —C systen.

The solidus obtained in the present work coincides comparatively well with that
of Benz and Elliott. The solidus calculated using thermodynamic data is also
shown in Fig.2-5. The detail of this calculation will be discussed later in the

section 2.3.3.



2.3.2 Validity of the Experimental Method and Results.

When this experimental method is applied to F e —C system in which
carbon diffusivity is known to be large, it is considered that carbon diffuses
even in the solid phase during quenching, and in some cases the carbon concen-
tration in solid after guenching may differ from the equilibrium one. So first
of all, considering the change of carbon concentration at the solid-liquid inter-
face and the change of carbon diffusivity in the solid phase with the tempera-
ture during quenching, the diffusion distance of carbon from the liquid-solid
interface into the solid phase during quenching was calculated by use of the
data of cooling rates obtained in thié work.

First, supposing that these phenomena are based on one dimensional
diffusion of carbon, Fick’s second law in Eq.(2-1) is changed into the differ-
ence equation (2-2), and then the explicit method was used for this purpose as
shown in Fig.2-6. The diffusivity of carbon in austenite measured at 1173 1673K
using the F e-0.6 wtXC alloys) is assumed to be applicable to the carbon

content in this work.

ot =D 9xX

9C _ .. d%C (2-D
2

Ci,j= Ci-l,j __ Ci-1,§-1 = 2Ci-1,§ + Ci-1,54]

At (8x) 2 22
) 3
D=1.75 x10% exp ( - 27:1 X107 )
_ _ 5 _ _27.1x10%"
=1.75 %10 exp( R(To-VAt'i)) (2-3)

where, i, J: step number of time on the vertical axis and distance on the
abscissa, respectively, in Fig.2-6.
V: cooling rate [K/Sec]

To - equilibration temperature [K]



To —VAt-i: temperature at step i after start of quenching.
Also, initial and boundary conditions are shown in Eqs.(2-4) and (2-5),

respectively.

Co,y=Cr (2-4)
, v
Cio= Cot—41-i (2-5)

where, C° ¢ equilibrium concentration in the solid phase [ wt%]

.

m: gradient of the solidus [K/wt%]
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Fig.2-6 Explicit method.

Cooling rate V was calculated by using Eq.(2-6)6)

340X (1/%C—1/4.3)0-38 Jroorzr (2-6)
Vz[ T Z ] .

vhere, Z:@: the secondary dendrite arm spacing [ um] , obtained from photo-

graphs of microstructure of the quenched specimens in this work.



Figure 2-7 indicates the measured cooling rate. Since dendrite structures
could not clearly be observed in liquid phases in Nos. 1 and 5 specimens, the
extrapolated values obtained from linear approximation of the relation between

the cooling rate and temperature of other specimens were adopted as the cooling

rates of these specimens.
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Fig.2-7 Change of cooling rates of the F e —C alloy with
equilibration temperature before cooling.

Thus, the change of concentration distribution in the solid phase due to
carbon diffusion during guenching were calculated by using Eq.(2-2). Some exam-
ples of the calculated results are given in Fig.2-8, which shows the concentra-
tion distributions of carbon in the solid phase at the end of solidification
when it is assumed that each specimen solidifies completely at temperature of
100 K under than eutectic one. It is obvious from Fig.2-8 that the diffusion
distance of carbon in even the specimen held at higher temperature is less than

100 #m from solid-liquid interface. Comparing these diffusion distances with



the diameters of solid phases as shown in Photo.2-1, that is to say, about 100
~ 200 #m of the specimen held at low temperature and about 300um held at
high one, and also from Fig.2-8, which shows that the calculated diffusion dis-
tances of carbon into austenite during quenching are larger than the measured
values from the C Ka intensity profiles in Fig.2-4 , it is supposed that
present experimental resulis were in the equilibrium state enough as far as the
carbon concentration at the center of the solid phase was used in the quenched

specimens obtained in this work.
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Fig.2-8 Carbon diffusion distances in the solid phase during quenching.

There may exist the depression of temperature during guenching, namely,
until the specimen dropped into oil after withdrawing the stopper. In this re-
gard, it was found from the preliminary experiments that it took 0.35 sec during
guenching and the depression of temperature was 15 K. Then, assuming that
the depression of temperature of the specimen is 15 K during quenching and
calculating the carbon diffusion distance in the same way as described above,

the results are found to be as same as in Fig.2-8. Thus, the depression of tem-



perature during quenching can be neglected.

2.3.3 Thermodynamical Calculation of the Equilibrium Distribution of Carbon.

In order to discuss thermodynamically the distribution of carbon between
solid and liquid phases, the solidus corresponding to the liquidus obtained in
this experiment was calculated using the thermodynamic data and compared with
the experimental results.

Equilibrium between liquid and solid phases in an F.e—C alloy is

represented by Egs.(2-7) to (2-9)

1 . 1 ..1
}LC=1_I.C+RTIHTC Nc -7
uz=hz+RTlnriNz (2-8)
1.5 -
B =HC -9

where, pnec ! chemical potential of carbon
iic : chemical potential of carbon in standard state
Nc : wmole fraction of carbon

7c - activity coefficient of carbon
R ! gas constant
T : absolute temperature
Superscripts | and s ! liquid state and solid state
From the equilibrium condition Eq.(2-9), the equilibrium distribution coeffi-

cient of carbon k% , is obtained as follows.

kS =NS /Nl =(rl /7Sy exp {2l 8> /Ry 210)



If the standard state of carbon in both liquid and solid phases is taken to
solid graphite, i.e.,

i =4 (2-11)
Equation (2-10) can be written as
c __1 S -
kG =7, /7] (2-12)

Thus, substituting the values of activity coefficients % , reported by
other investigators into the above equation (2-12), and also using the equilib-
rium distribution coefficient obtained from Eq.(2-12), the solidus corresponding
to the liquidus obtained experimentally can be calculated.

When the equilibrium distribution coefficient k% is calculated in
Eq.(2-12), the thermodynamic data have to be correct and reasonable. Then, the
daté7~]3) previously obtained on the activity of carbon in liquid iron and
austenité were investigated. Among these data, the values, which are applicable
to the temperature range (1423~1673K) in this work, and also are being given as
a function of both temperature and concentration, were selected. Furthermore,
in determination of the data used in the above calculation, the values, whose
degrees of the quotation and the convergency are high, were adopted. Figures
2-9 and 2-10 show some representative data of activity coefficients of carbon in
liquid iron and austenite, respectively, at 1473, 1573 and 1673 K as a function
of Nc. From Fig.2-9, the agreement between the data of Chipmana) and that of
Ueda et al.7) s very good. However, since the data of Chipman was calculated
from the activily in austenite using the equilibrium condition between solid and
liquid phases, it is thought to be unsuitable for this discussion. On the other
hand, as the data of Ueda et al. was reported more recently that of Chipman,
and was obtained by measuring the rate of effusion of iron vapour, it is con-
sidered to be more suitable for this discussion than that of Chipman. Then, the

data of Ueda et al. was adopted as
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5300

log rb = (__T—+O'507) (2-13)

Nt +(694

About the data of activity of carbon in austenite in Fig.2-10 the value of

12) at higher temperature range and

Ban-ya et al.”) approaches that of Chipman
also that of PoirierB) at Tower temperature range. So, the data of Ban-ya et

al. was adopted as

log Yo = (3 ;_70 —]0.5)—}-(0.43—1—

+2.721log T — log (1—-N%)

3900)' Nt
T J1-N: (2-14)

Substituting Eqs.(2-13) and (2-14) into Eq.(2-12) and also using the
relation N = K5 - Ni¢ , the solidus corresponding to the liquidus obtain-
ed experimentally can be calculated. The result is shown in Fig.2-5. From this
figure, the calculated result is in comparatively good agreement with the
experimental one. Thus, present experimental results are thought to be appro-

priate also in the thermodynamical standpoint.

2.4 Conclusion.

In order to investigate the validity of the experimental procedure for
equilibrium distribution coefficient and to obtain carbon distribution between
solid and liquid phases in F e —C binary system, austenite-liquid phases
equilibrated in the temperature range from 1423 to 1673K were quenched and the
carbon concentrations in each phase were determined by E PMA.

The results obtained are summarized as follows.

@® Solidus and liquidus obtained coincided well with the curves given in other
works.

@ Diffusion distance of C from liguid-solid interface into solid phase
during quenching was calculated. From the resulis of the calculation, it became

clear that carbon concentration in the center of solid phase was not influenced



by the carbon diffusion during quenching. Thus, this experimental procedure

is considered to be valid for even the F e —C alloys including carbon whose
diffusivity is very large.

@  Equilibrium distribution coefficient of C in F e —C system was deter-
mined thermodynamically. Solidus corresponding to the liquidus obtained experi-
mentally was calculated by using the above coefficient and it was in good agree-

ment with the experimental one.
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Chapter 3

Equilibrium Distribution of Solute Elements between Solid and Liquid Phases

in lron-Carbon Base Ternary Alloys.

3.1 Introduction.

As described in chapter 1, the equilibrium distribution coefficients of
solute elements in multi-component systems are thought to be different from
those in binary systems since some interactions among solutes are expected to
exist in multi-component systems, but a comprehensive theory concerning this
problem has not yet been developed.

Recently, some investigatorsmyé) have measured the equilibrium distribution
coefficients of solute elements in various kinds of iron alloys and calculated
them by using thermodynamical data. However, in their works, mainly, they stud-
ied if the experimental results were valid or not in comparison with the calcu-
lated values, and did not discuss the mechanism of the equilibrium distribution
of solute and the effect of solute interaction on it.

The purpose of this chapter is to obtain the eguilibrium distribution
coefficients for C, Ni and V in Fe—C—NiCup to 4 wit¥ C and 1 wiX
Ni)ad Fe—C—V (up to4 wit¥ C and 3 wt¥ V) alloys and to discuss
the mechanisms of these solute distributions between solid and liguid phases.

In these systems, there are few data for the equilibrium distribution coeffi-
cients of the solutes, especially in a wide temperature range. Since the ther-
modynamic interaction between N iand C in iron alloy is known to be opposite
to that between V and C, it is also interesting from a thermodynamic stand-
point to make clear the mechanisms of distributions of N i and V. Moreover,
based on the results on these systems,the factors which control the solute dis-
tributions between solid and liquid phases in iron base binary alloys and

iron-carbon base ternary ones were discussed thermodynamically.



3.2 Experimental.

3.2.1 Procedure for making Quenched Specimens.

The apparatus for preparing quenched specimens is the same as shown in Fig.
2-1. A sample weighing about 5 g was placed into an alumina crucible in purifi-
ed argon gas atmosphere. After the sample melted down, it was cooled to a fixed
temperature between 1453 K and 1693 K, at which austenite and liquid phases coex-
isted,and held at that temperature for a given time. When the equilibrium was
achieved, by withdrawing the stopper, the sample fell through the hole at the
bottom of crucible and was quenched in oil or 10 £ KOH aqua, to make the
specimen including two phases of liquid and solid before quenching.

As the vertical tube furnace had a hot zone of 30 mm over which the temper-
ature was constant within £ 2K and the height of the sample was shorter than
10 mm, it is reasonable to expect that the temperature distribution in the sam-
ple was uniform. The sample was often stirred when it was held at a given tem-

perature so that the solids could distribute uniformly in the sample.

3.2.2 Sample and Holding Temperature.

The compositions of the samples used and their equilibrium holding
temperatures are listed in Table 3-1. These samples were prepared in a high
frequency induction furnace from electrolytic iron, pure graphite, nickel and
vanadium.

The equilibrium temperature was fixed at ahout 20 K lower than the liguidus
temperature to make the ratio of solid to liquid in the specimen as small as

possible.

3.2.3 Equilibration Time.

To determine the time required for the establishment of the complete
equilibrium between the two phases, a series of experiments were carried out on
the F e —C—V alloys, in which the specimens were quenched aftier different

holding times at the same temperature. The results of the analysis of V from



Table 3-1 Chemical composition and equilibration temperature
for Fe—C—Ni and Fe—C~—V alloys.

wtg C wtg V wt% Ni Holding Temperature[ K]

2.57 1.03 1543 1548

3.50 1.06 1468 1476

2.30 0.44 1628 1643 1653
3.34 0.44 1536 1546

2.45 2.96 1622 1632

3.37 2.80 1543

1.62 0.39 1673 1683

2.717 0.48 1573 1593

3.28 0.59 1526 1556

2.71 1.03 1605 1608 1613
3.84 0.93 1473 1483 1490

the central regions of the solid phases are given in Fig. 3-1. This figure
shows clearly that the equilibrium has been achieved after 3 hr. Consequently,
the holding time was determined to be 3 to 4 hr.

3.2.4 Metallographic Structure of Quenched Specimens and the Measurement of

Concentration Distribution by EPMA.

All the specimens were spherical, and the solid phases were distributed
uniformly in each specimen. Photograph 3-1 shows the microstructures of the
quenched specimens, where circulars and the rest are the solid and liguid phases,
respectively, which had coexisted before quenching.

All the specimens quenched were prepared for metallographic examinations by
polishing and etching in 10 ¥ Nital. Then, the parts of solid and liquid to be
microanalysed were marked out with microhardness impressions, and then repolish-

ed to remove the etching.
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Electron probe microanalysis was carried out at an accelerating voltage of
20 KV by scanning the focussed beam at 50 um/min over the region which inclu-
ded both solid and liguid. Since, particularly, the structure of the part of
the liquid phase in the specimen was not so uniform as that of the solid phases,
in the part of the liguid phase a focussed beam was moved over the distance cor-
responding to 2 or 3 times of the diameter of the part of the solid phase, and
then the concentrations of the solutes at the liquid region of each specimen
were averaged.

The actual composition were obtained from the calibration curve which was
previously established with the chemically analysed specimens of Fe—C—V
and Fe—C—N1i alloys, shown in Fig.3-2. The chemical composition of these
samples used are listed in Table 3-2. Some examples of the concentration dis-

tribution measured by EPMA are given in Fig.3-3.
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Table 3-2 Chemical composition for standard specimens.

wt% C wt% wt® Ni
0.00 0.00 0.00 ( pure iron )
0.71 0.44

0.97 0.59

1.04 0.41

2.30 0.44

3.34 0.44

0.92 1.10
1.14 0.59
1.31 0.94
2.71 1.03
3.84 0.93

fiquid
phase -
l Ni

solid phase

Fe-162-C-0.39-Ni

tiquid
phase

hiquid

Fe-3.84-C-0.93'Ni

liquid - liquid
phcse<—— solid phase -;, phase

iy

Fe-3.50-C-1.06V

Fig.3-3 Carbon, nickel and vanadium distributions in

quenched specimens.



3.3 Experimental Results.

Figure 3-4 shows the experimental results on a plot of the carbon

concentration in both the austenite and liquid phases in Fe—C—-—Ni and

Fe—C~—YV systems together with the liquidus and solidus in F e ~C binary

system. It is obvious that the distribution of C between the solid and liquid

phases in Fe—C—Ni and Fe—C-—V alloyswith 1 ~3witZ Ni and V

differs little from that in F e —C binary system.

The variation of the equilibrium distribution coefficient of Ni, ko , in

Fe—C—Ni system and that of V, k‘ﬁ , in Fe—C—V system are given as

function of the carbon concentration of liguidus, respectively, in Figs.3-5 and

3-6. In these figures, the calculated values of Kk&u and k% using thermo-

dynamic data are also shown. This calculation will be discussed in detail at

the later section. It can be seen from Figs.3-5 and 3-6 that k'ﬂ‘ increases in

Fe—C—Ni system and k‘(’;

decreases in F e —C — YV system with the

increasing carbon content. The effects of N i and V contents on k'&" and

k‘:’, in Figs.3-5 and 3-6 are seemingly negligible. Also the experimental re-

sults are thought to be in reasonable agreement with the calculated ones.
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Fig.3-4 Carbon distribution between austenite and liquid phases
in Fe—C—-Ni and Fe—C-V systenms.
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In this section, the equilibrium distribution coefficient was discussed

thermodynamically in order to clarify the controlling factor of solute distribu-

tion between solid and liquid phases in iron alloys and the effects of carbon on

the equilibrium distribution coefficients of the third elements in Fe—C

base alloys.

3.4.1 Thermodynamic Treatment of Equilibrium Distribution Coefficient k% and

the Periodicity of I(ﬁ of Solute X against Atomic Number in lron

Alloys.

Equilibrium between liquid and solid phases in an iron-rich alloy is repre-

sented by Egs.(3-1) to (3-3) as stated in chapter 2.

)

xX n

Ay

+ RT I n( Tl Nl)

+ RTI1nC 73 N})

(3-1

(3-2)



ul = ui ' (3-3)

wvhere, ux . chemical potential of X
#x . chemical potential of X in standard state
Nx - mole fraction of X
rx - activity coefficient of X
R ! gas constant
T . absolute temperature
superscripts | and s: [liquid state and solid stfate.
From Eq. (3-3) of the equilibrium condition, the equilibrium distribution co-

efficient of X, k’(‘; , is derived as follows.

k§= NS /N
=exp { (i =45 ) /RT} exp (ln7l —ln7S) @

_______ Cross point of

liquidus and solidus

. _-7 Tangents

-=7 / of liquidus
/  and solidus

3
o

Temperature

Solidus Liquidus

H
!
W
Fe s !
Concentration of X

Fig.3-7 Skeich of solidus and liquidus near the melting
point of iron.

Generally, when the equilibrium distribution coefficient is read from the
phase diagram, the value obtained from the tangents of the solidus and the lig-
uidus at their cross point, that is to say, the point N‘x°'s-——>0 as sketched

in Fig.3-7, is regarded to be valid near the melting point of iron. Then, as



]
N, =-0, Eq. (3-1) can be simplified to
X _ S 1
(Inkodye,, = (N /Ny Dyysg

=exp {(dl—di)/RT} exp (ln?”]

y —1n7§) (3-5)

where, 7, is the activity coefficient of element X at the infinite dilution.
In Bragg-Villiams approximation, the activity coefficient of element X in

a binary system of Fe-substitutional element X is given by
lnr, = {Wg,_,(1-N, )} /RT (3-6)
and in system of Fe-interstitial element X binary one

Iny = (W _+2N x ) /RT 3-D

Fe

vhere, W and x represent the interchange energy between Fe and X,
and the binding energy of solute X, respectively.

As NX ——=>0 in Egs.(3-6) and (3-7), both these equations are expressed

as

(Inr, ) =ln7, =W, _/RT (3-8)

Nx-=o

Substituting Eq.(3-8) into Eq.(3-5) gives

X _ S 1
(lnko)y . = (Nx/Nx)Nx+o

— ‘1 _ s 1 _ws _

=exp {(u —u ) /RT} exp { (W _—W > /RT} (3-9)

It is obvious from Eq. (3-9) that the equilibrium distribution coefficient
of solute element X at the infinite dilution consists of the free energy of
fusion of element X and the difference between the interchange energies of

Fe—X in liquid phase and in solid one. Also these energies are dependent



upon only the properties of element X. Then, in order to examine the above re-
sults the change of equilibrium distribution coefficient of element X with its
atomic number is considered.

The equilibrium distribution coefficients of element X in iron alloys
published by other investigators” are plotted against the atomic number of the
element X in Fig.3-8. As exhibited in this figure, the equilibrium distribu-
tion coefficients of element X are thought to change periodically against
atomic number. Then, this periodical change will be discussed through the com-
parison with the above equation (3-9).

First of all, the calculated free energy of fusion of each element at the
melting point of iron is shown in Fig.3-9(A). It is obvious from this figure

that the free energy of fusion changes periodically against the atomic number of

the element.
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Fig.3-8 Change of equilibrium distribution coefficients in iron
alloys with atomic number.
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and difference of atomic radius and electronegativity
between Fe and X.

Generally, the interchange energy is considered to be dependent upon both
the differences in the atomic size (size factor) and the chemical property
(chemical factor). For example, Mott 8) proposed the following equation as the

interchange energy between A and B elements.
Wa-g =V (8, —8p ¥ —23060 n (x, —xg ) (3-10)

where, Vm . atomic volume of the alloy

) : solubility parameter



X ¢ electronegativity
n : number of A—B boding.

Therefore, the differences of the atomic radius as the size factor and the
electronegativity as the chemical factor between F e and a solute element are
taken into account and plotted against the atomic number of the element, respec-
tively, in Figs.3-9(B) and (C). As exhibited in these figures, both the size
factor and the chemical one also change periodically against the atomic number,
and this fact suggests the existence of a physical periodicity in interchange
energy.

Thus, from the foregoing Eq. (3-9) it is considered reasonable that the
equilibrium distribution coefficients of the solute element in iron base alloys
change periodically against the atomic number of the element.

Consequently, the free energy of fusion of element X and the difference of
interchange energy between F e and element X are considered to be the funda-
mental factors controlling the equilibrium distribution of the element X in

iron alloys.



3.4.2 Factors controlling Equilibrium Distribution Coefficient of Solute

Elements in lron Base Binary Alloys.

In the foregoing section, the quantity ( Wi, —Wee_,) was obtained as
one of the factors controlling ko and mainly the effect of it on the periodic-
ity of k{p was discussed. In this section, (W}, x —Wge.x) is discussed
furthermore. In infinite dildtion of the solute in iron alloy, the equilibrium
distribution coefficient of a solute element X, Ko is written in the follow-

ing equation as described before.

1
(k; )Nx—>o = (N>S< /Nx )Nx—>o
=exp { (i) ~i3) /RT} exp { (We_,~WS_) /RT} (311

( \V}e_x- é;_x) might be derived from the thermodynamical properties of
the components. Several studiess'ql) have been reported to derive the excess
energies in liquid alloys from the thermodynamical properties of their compo-
nents deductively. For example, Mott gave the foregoing equation (3-10) and
described that the excess energy could be determined by the electronegativity
and solubility parameter of the components. Also, Miedema et all?) recently
showed that the excess energy in liquid solution consists of the work function
and the electron density at the boundary of Wigner-Seitz cell.

About the excess energy in solid solution, Simoji et al]c»and Miedema et al.
stated that there is an essential difference between solid and liquid solutions.
In solid solution, where atoms of different sizes have to occupy equivalent
lattice positions, an additional positive contribution to the excess energy
arises, due to the elastic deformations necessary to accommodate the size mis-
match. In liquid solution such a size mismatch energy makes a less dominant
contribution to the excess energy than in solid solution.

Hence, when the difference of the excess energy between solid and liquid
solution is discussed, it is considered that (Wi,_x—Wg.,) is nearly equal to

the size mismatch energy in solid solution. Namely,



1 s
(Wre-x—WFe-»

5  — ( the size mismatch energy in solid solution ) (3-12)

in which the size mismatch energy AEgz¢g can be estimated ‘from the elastic
constants and the relative size difference of the two metals, using Eshelby’s

elastic continuum theory.lz)

where B Vm is the average value of the product of bulk modulus and molar volume,

and & is the relative size difference defined as
= (vE-vy s (vErv T (3-14)
Substitution of Egs.(3-12) and (3-13) into (3-11) gives
RTInko — (it =45 )  —BVa x8& (3-15)

Then, the relation in Eq.(3-15) is discussed when the solute elements are
the substitutional transition elements in iron alloys. The results are illust-
rated in Fig.3-10. In this figure, a plot of {RTInkd — (&% —a§ ) } with
BVm X 8%is shown for various elements. It is obvious from this figure that
transition elements are nearly satisfied with the relation in Eq.(3-15). Thus,
the size mismatch energy is considered as one of the factors governing the equi-
librium distribution coefficient of the solute in iron base binary alloys.

Figure 3-11 indicates the variation of {RTInkh — (;llx — i )} with
BVm X 8 for the semi-metals and the noble metals as solute elements together
with the results for transition metals as shown in Fig.3-10. As can be seen

from this figure, these metals except transition ones are not satisfied with the
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relation in Eq.(3-15). In other words, it is considered that another excess
energy AE, which is represented in the following equation (3-16), is in-
fluenced on kg together with the size mismatch energy for the semi-metals and
noble metals.
RTInkd =Gl -4 )+ Wl _-WS ) +AE
AE > O (3-16)

Hereupon, it should be necessary to refer to the excess energy AE in
Eq.(3-16). According to Miedema et al., an additional energy is required to
describe the excess energy between the semi metals or the noble metals and the

transition metals. That is to say,
Wy_p < {—P (AgY +Q (An)*~R} (3-17)

wvhere, ¢ and n are the work function and the electron density at the bounda-
ry of Wigner-Seitz celi of the components, respectively. P and Q are the
constants to be determined empirically. R is required for the alloys which
consist of semi metals or noble metals - transition metals but it is negligible
for transition metals - transition metals alloys. They also reported

] S

R <R (3-18)

In this case,

AE= (-R' ) = (-R®) >0 (3-19)
which satisfies Eq.(3-16). However, Miedema et al. have not described the phys-
ical meanings about the parameter R.

Consequently, the problems of AE are obviously related to the structure
and thermodynamical properties of alloys in both solid and liguid phases and
more detail studies are needed for further discussion in the near future.

The relation in Eq.(3-15) is discussed for the interstitial elements in



iron alloys. However, in this case, Egq.(3-14) must be rewritten for the these
elements because these elements dissolute into the interstitial sites and the
size mismatch is not due to the difference of the radius between solute and
solvent atoms. Then, the difference between half of the interatomic distance of
iron r and the radius of the interstitial atom, ro is used instead of & as
shown in Fig.3-12.

Figure 3-13 represents a plot of RTInke with (r—re) for B, C
and N. From this figure, the size mismatch energy is considered to be the
important factor to affect ko also for the interstitial elements.

Figures 3-14 and 3-15 show the variation of RTInks — (iy —i§ ) with
BVm X 8% for transition metals as solute elements in Co and N i base
alloys, respectively. Also in these alloys, the size mismatch energy is thought

as the factor governing ko , as described in iron alloys.

Fig.3-12 Relation between r Fig.3-13 Rekation RT 1 n kxo and
and ro . (r—ro)*.
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3.4.3. Equilibrium Distribution Coefficient of the Third Element in

F e —C Base Ternary Alloys.

The foregoing experimental results of this work showed that k% in Fe—
C—N i system increased and k% in F e —C—V system decreased with the
increasing carbon content. In this section let us examine these results thermo-
dynamically.

Equation (3-4) can also be applied for the equilibrium distribution
coefficient of element X in Fe—C—X ternary system. In this case, the
effect of carbon must be included in the activity coefficient 7y of element
X in Eq.(3-4). Then, to consider the effect of C, the activity coefficient
of element X can be expressed in terms of the interaction parameter £ as

fol lows:

Inyy, =1n#, +e5 Ny +e5 N (3-20)

where, €% self-interaction parameter of element X

€§ : interaction parameter of C on X
By substituting Eq.(3-20) and the relations N§ =kp * Nx and NZ =kg N}
into Eq.(3-4), the equilibrium distribution coefficient of element X in

Fe—C—X ternary system is represented by

Inkd = (i} ~i5)+1n¢} /75
Xs1 %S, X 1 6l_ 6s .. ¢C 1
+ (g —€ ko) N, + (g} —€ ko) N, (3-21)

Here, the first and the second terms show the fundamental factor controll-
ing k§ , the third and the fourth terms denote the concentration dependences
of X and C, respectively, on k’é . Thus k% can be calculated by sub-
stituting thermodynamical data into Eq.(3-21). The calculated k'g and kY%
are shown in Figs.3-5 and 3-6 with the experimental ones. The thermodynamical

data used in the above calculation are given in Table 3-3.13"20)



Now, let us call attention to the fourth term in the right-hand side of
Eq.(3-21). Mori and IchiseZ4) proposed that there exists a linear relation of
eﬁ in solid and liquid phases, §5 =m-+ £%'', in iron-nitrogen-X systems.
The value m, which is not strictly equal to unity, is considered to be related
to the difference of the structure between solid and liquid phases. Then, this
treatment has been applied for F e —C—X systems. The relations of some

13) 13~16,18,23)

elements X between &%! in liquid phase and £5° in solid one

are shown in Fig.3-16. In this figure, it is obvious that a linear relation

(o

holds approximately between €%’ and £%° . This relation obtained by the

least square method is given as

c= 0.925 - £§! (3-22)

Table 3-3 Thermodynamical data for calculating kgiand k‘('; .

Austenite Ref. Liquid Ref.
*2 *2 .
In §y, -0.386 (1573%) , - &L (14) -0.416 (18730 , - 122 a3
eNt .{.2__0.9. *1 1560 *1
Nickel N1 T T
, *2
eNL ['6;‘0 + 0.65 15) 2.85 (1873K) , —53,# (13)
blu - ﬁ;i = 21.6°T + 0.90x1073-72' -~ 3,2.T-1nT + 1257 ( Ref.(20) )
. %2 %3 } *2
In ¥, ~3.10 (1273K) @ phase), - 3222 @2)  -1.80(1873) , - 230 an
v 7900 *1 : . 6050 *2
Vanadium Ey T 3.23(1873xK), - (13)
*2 *2
e‘é' -18.4 (1273K) , - L;OQ 16) -16.1 (1873K), - 1‘-’% (%))
*3 a‘ll - fig = 48.6°T + 1.29x1073-72 - 0.1x105-T"} - 6.45:T*InT - 3935 { Ref. (20) )
In ¥ 2680+ 2.72 11 - 243 (18) 2720 _ 5 0o . 9)
c T
Carbon
¢ 2280 4 3.00 (18) 1830 4 3.66 a9
*1 estimated from the equation :§ = -2 Inyy *2 Temperature dependence 1s estimated in this work.

*3 The value of the term { (ﬁ% - ; Y+ RT 1n %1 /YY } in 1iq. - y phase equilibrium is calculated from the equation:

(el - 80 +Rr1nyv/y; - LG - §9) +RT-In Yo /3 ) + { (42 ) +RT-1n 33/%) )

- uV
in liq. - vy equilibrium in 1iq. - a equilibrium in a - y equilibrium

where the last term is equal to ( RT ln kg(u-y) = RT 1n N; /N% in Fe-V binary system )N 0o~ " 0.577-T (Ref.(21)).
>
v
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Substituting Eq.(3-22) into the fourth term in the right-hand side of
Eq.(3-21) yields

6l _ G6s,¢C 1 _ _ C Cy 1l R
(ex 2 ko ) NC = (1-0.925 kg ) €% NC (3-23)

As the equilibrium distribution coefficient of C, k% , takes the value

smaller than unity,
(1-0.925 k§) >0 (3-240)

It is obvious from Egqs.(3-21) and (3-23) that since €% is positive for the
element X with the repulsive effect against C, the value of the fourth term
in the right-hand side of Egq.(3-21) becomes positive and the K% increases with
the increasing C content. On the other hand, since €} is negative for the
element X with the attractive cffect against C, the value of the fourth term

of Eq.(3-21) becomes negative and the k’(() decreases with the increasing C



content.

Figure 3-17 shows plots of the present experimental results, k'f)i and k‘ﬁ
as a function of the carbon content, together with k% for some kinds of ele-
ments published by other workers]"3'25"3o) As illustrated in this figure, in
Fe~C—-Ni, Fe—C—Si and Fe~C—Co systems, kb , ka and kG
increase with the increasing C content because these elements denote the re-
pulsive effect against C. While V, Mn and Cr indicate the attractive
effect in F e —C base alloy systems, so ko , ki" and k§  decrease with
the increasing carbon content. Thus, the present experimental results could be
understood as described above.

Consequently, the fourth term in the right-hand side of Egq.(3-21) can be
expected as an important factor controlling the variation of k§  as a func-

tion of the carbon content in Fe—C—X alloys.
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Fig.3-17 Change of equilibrium distribution coefficients of some elements
with carbon concentration in iron-carbon base alloys.



Moreover, in order to investigate the fourth term of Eq.(3-21) the
influence of C on k’(() is intended to be estimated quantitatively in terms
of free energy. Namely, multiplying each term in Eq.(3-21) by R T where R

is the gas constant and T is the absolute temperature, we derive

RT1nkd = (i —p5 ) +RT1n¢} /75
+RT (e¥' —ef*kb ) Ny (3-25)

+RT (§' —§° k% ) N¢

Ve define the physical meaning of each term in this equation as follows:
The left-hand term: the energy to let X distribute by the ratio k’é into

liquid and solid phases.

The first and second terms of the right-hand side:

tribution of X fundamentally.

The third term:
The forth term:

the energy controlling dis-

the energy depending on the X content.

the energy depending on the interaction of C on X.
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Fig.3-18 Change of energy components concerning the distributions of

Ni and V between solid and liquid with temperature.




Figure 3-18 depicts the variation of the calculated energies of each term
in Eq.(3-25) as a function of temperature in Fe—C—Ni and Fe—~C—V
systems, respectively. It is clear from this figure that the energy depending
on the interaction of C on Ni and V is the most dominant factor among these

energies related to RT | nk’é .

3.5 Conclusion.

In order to investigate nickel and vanadium distribution between the solid
and liquid phases in F e —C base ternary systems, austenite-liquid phases
equilibrated in the temperature range from 1453 to 1693 K were quenched and the
nickel and vanadium and carbon concentrations in each phase were analysed by
EPMA to obtain the equilibrium distribution coefficients of these solutes.
Moreover, the factors which control the equilibrium distribution between solid
and liquid phases in iron alloys were discussed thermodynamically. The results
obtained are summarized as follows:

@ The fundamental factors controlling the equilibrium distribution of
solute element in iron alloys are the free energy of fusion of the solute
element and the difference of the interchange energy of iron with the solute
element between the solid and liquid phases.

@ The difference of the interchange energy of iron with the solute element
between solid and liquid phases is dependent upon the size mismatch energy in
solid solution for transition metals and interstitial elements as solute element
but for semi-metals and noble ones, the difference lof another excess energy
between solid and liquid phases is required together with the size mismatch
energy.

@ In iron base binary alloys the equilibrium distribution coefficient of
the solute element changes periodically against the atomic number of the element

@ Particularly, in F e—C base ternary alloys the most important factor
controlling the equilibrium distribution of the 3rd element X is the interac-

tion energy between C and X.



® In Fe—C base ternary alloys, with the increasing carbon content the
equilibrium distribution coefficient of the 3rd element X, l{é increases for
the repulsive interaction between C and X while l(ﬁ decreases for the

atiractive one.
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Chapter 4

Effects of Solute Interactions on the Equilibrium Distribution of Solute

Elements between Solid and Liauid Phases in lron Base Ternary Alloys.

4.1 Introduction.

The equilibrium distribution coefficients of some elements in ternary sys-
tems are considered to be different from those in binary systems because of the
possible existence of solute interactions as described in the foregoing chapter,
but the mechanisms are so complicated that any detailed information has not yet
been obtained. So, it would be very useful if the effect of the addition of an
alloying element on the distribution could be known by a simple equation which
indicates such effects.

The purpose of this chapter is to derive an equation for the change of the
equilibrium distribution coefficients with solute-interaction in iron base ter-
nary system and to discuss the influences of the solute-interaction on the equi-

librium distribution of some elements in Fe—C, Fe—N, Fe—H, Fe—P

and F e —S base ternary systems.

4.2 Derivation of an Equation describing the Effect of Solute Interaction on

the Equilibrium Distribution Coefficient.

In this section, the equilibrium distribution coefficient is discussed
thermodynamically in terms of activity coefficients, interaction parameters as
described in the previous chapter. First of all, the equilibrium distribution
coefficients of solute i in Fe—i binary and Fe— i —j ternary system,

k{f and 133 are given by Egs.(4-1) and (4-2), respectively.

Inkg® = (i) =i ) /RT+1n7) /75 + (€2 =56 NI @D
Inke? = (i} —5) ZRT+1n7) /75 + (1 -5 NI @

+ <eJ;‘— &* ©33) N}



where fi is the chemical potential of solute i in standard state, 7; the

activity coefficient of solute i at the infinite dilution, €!  the self-

interaction parameter of solute i. € the interaction parameter of j on i,

and superscripts | and s show liguid and solid states, respectively.

The fourth term in the right-hand side of Eq.(4-2) indicates the effect of
alloying element j on the equilibrium distribution coefficient of solutei.
As the parts from the first term to the third one in the right-hand side of
Eq.(4-2) are equal to k& of Eq.(4-1), the following equations (4-3) and (4-4)

are derived.
Inko” = lnkp? + (&1~ e"i’sd’g"’) N} (4-3)
.’3 .’2 .’ .’ -9
Inko' Y Ks = (%'~ ° 05 N | (4-4)

The left-hand side of Eq.(4-4) shows the ratio of the equilibrium distribu-
tion coefficient of solute i in Fe—i—j ternary system to that in Fe—
— i binary system and this ratio is considered as a parameter indicating the
effect of the addition of the alloying element j on the equilibrium distribu-
tion coefficient of solutei. Then, the right-hand side of Eq.(4-4) is discuss-
ed furthermore.

In order to simplify the right-hand side of Eq.(4-4), the correlation
between the interaction parameter of j on i in solid phase and that in liquid
one was investigated. Figures 4-1 (A),(B) and (C) show the relations between

1~7) 16.7) in Fe—C base

€% in solid phase and €' in liquid one
(where i: C), Fe—H base (where i: H) and Fe—N base (where j:
N) ternary systems, respectively. |t is obvious from these figures that a
linear relation holds approximately between 8;“ ~ and z:ij's in each ternary
system.

Mori et al.6’7) proposed that in Fe—~N, Fe—H base ternary systenms,

the gradients of these linear relations become unity as the temperature of
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liquid phase approaches that of solid one. They also suggested that these gradi-
ents are not strictly equal to unity because of the difference of the structure
in solid and liquid phases. Then, this relations are discussed here thermody-
namically.

Based on the zeroth approximation of the guasi-chemical model, the activity
j 8)

coefficient at the infinite dilution and £€; are derived as follows:

Iln7y,

; (in Fe)=W_;/RT (4-5)

e} = (Wy_j ~We_i) /RT (4-6)

where Wi-; is the interchange energy. Also, the equilibrium distribution

coefficient of solute i at the infinite dilution is represented by
i _ ] .S .1 .
(1 nko )Fe-i,N1'+0— Gty —i; ) /RT+1Inr, /1 (4-1

Combining these equations (4-5), (4-6) and (4-7), the difference between
the interaction parameter in liguid phase and that in solid one, Ag, is given

by Eq.(4-8).

R A S I~
AEe —81- 81

_ 1 _ 1’ _
= (ko e i niso™ 10RO D5y (4-8)

As is obvious from Eq.(4-8), A e can be obtained from the difference

between the equilibrium distribution coefficient of solute i in Fe—i

binary system and that in j — i binary one. Then, the relation between ef" in

liquid phase and 8,:’5 in solid one which is given by using A€ in Eq.(4-8),

i.e. gf= 8{" —A € in iron-carbon base ternary systems is obtained as

shown in Fig.4-2. This figure indicates that a linear relation holds approxi-

mately between e{"l and eij’s . Also, the gradient of this line obtained
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by the least square method is 1.03 and it is reasonable that the gradient of
this line is approximately equal to unity. Thus, the relation of sij between

solid and liquid phases is shown by Egq.{(4-9).
el 5 gl (4-9)

From Egs.(4-4) and (4-9), the ratio of the equilibrium distribution
coefficient of the solute i in Fe—1i—j ternary system to that in Fe—i
binary system is represented by the following simple equation (4-10).

1 nkg =1 nky Y K= (1-K sJ;]N} (4-10)

In Eq.(4-10), the ratio of ki{ﬁ to kidz , that is to say, the

parameter indicating the change of the equilibrium distribution coefficient of

solute i with the addition of the alloying element j, is defined as kij s



named Distribution Interaction Coefficient (D I C). Furthermore, the equilib-
rium distribution coefficient of solute i in Fe—i—j ternary system can be
obtained from this coefficient l{f when that in Fe— i binary system is

known.

4.3 Results and Discussion.

4.3.1 Effect of Carbon on the Equilibrium Distribution of Various Alloving

Elements between Solid and Liquid Phases in F e —C Base Ternary Alloys.

Effects of solute-interaction on the equilibrium distribution coefficients
in a few kinds of iron alloys are discussed in this section by using the fore-
going coefficient D1IC, kg

First, the change of the coefficient D I C of solute i with carbon con-
centration is discussed when the concentration of solute i is dilute in Fe—
C— i ternary system. Then, the equilibrium distribution coefficient of solute
i in Fe—C—1i ternary system is calculated from the D I C for the carbon
concentration range up to the eutectic point on the equilibrium between auste-
nite and liquid phases and also compared with the experimental results.

The change of the coefficient D 1 C of solute i with carbon
concentration is given by

i,2

I nk =1 nky Y Ks !

= (1-5Y &' a-11)
Since the concentration of solute i is considered to be dilute in this

work, the values of the equilibrium distribution coefficient of carbon in

F e—C binary system can be used as l{%a in Eq.(4-11). Besides, the data

of s?J, being valid for the wide concentration range and at any temperature,

must be used, but nothing has been reported. Then, such values are obtained in

the following way.

Using the interaction parameter el at the infinite dilution reported by

Sigworth et aIJ) and that at the carbon-saturated state obtained by Neumann

o



et al.1o) , and also assuming that sic is proportional to carbon concent-
ration and the reciprocal of the absolute temperature, the value of eé at
arbitraly carbon concentration and temperature can be obtained. In this case,
as the interaction parameter reported at the carbon-saturated state ik the in-
teraction parameter at constant carbon activity w{ , this parameter has to be
converted into the interaction parameter at constant concentration, e(i: ,which
can be expanded at arbitraly concentration. When the concentration of solute i
is dilute in Fe—C base ternary system, the equation for the conversion of
the interaction parameter at constant activity to that at constant concentration
is shown by Eq.(4-12)11)

9 1ln Y¢

i
(ec)y_=N°w. =<0 = (
Ng=Ne,Ny =0 9Ny Nc=Ng,Ny=0

{1 + (21lnYc ng).( 2inYc (4-12)
3 Nc Nj = 0,Ng = N& 3 Ny ag=ag,N;=0

in this equation, the left-hand side is the interaction parameter at
constant concentration and the last term in the right-hand side is the interac-
tion parameter at constant activity. The second term in the parentheses of the
right hand side corresponds to the self-interaction parameter of carbon and this
term can be obtained from the change of the activity of carbon with its concen-
tration in F e—C binary system reported by Ban-ya et al.12)

Finally, €. obtained above has to be converted into €& . The equation

for this conversion is given by Eq.(4-13)}3)

c i c .
(81' )Ni = (ec )Nc + (eFe)NFe (4-13)

In the infinite dilution, £ is equal to &L . However, the last term
in the right-hand side of the eguation is needed when this conversion is applied
at the arbitraly concentration. The last term shows the change of the activity
of F e with carbon concentration and can be obtained from the data by

Chi pman.“‘)



Thus, the interaction parameters €% at any temperature and carbon concen-
tration can be obtained. Figure 4-3 indicates the change of €% of various
elements with the temperature and carbon concentration corresponding to the
liquidus in F e —C binary system.

Using Eq.(4-11) and £$ obtained above, the change of the coefficient
D I C of various elements with the temperature and carbon concentration corre-
sponding to the liquidus in F e —C binary system can be calculated. The
results are shown in Fig.4-4. As illustrated in this figure, the coefficient
DICof Si, Al, Ni and so on having the repulsive effects against
carbon increase with increasing carbon concentration. On the other hand, the
DIC of Cr, V and so on having the attractive effect against carbon de-

crease with increasing carbon concentration.
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Moreover, the equilibrium distribution coefficients of various elements in
F e —C base ternary system are calculated from the coefficient D I C and the
equilibrium distribution coefficient in iron base binary system, and the calcu-
lated results are compared with the measured values by various |nvest|gators15 ~23)
as shown in Fig.4-5. Here, regarding the data of the equilibrium distribution
coefficients of various elements in iron base binary system, the values in the
report by Takahashi et al.24) about the equilibrium distribution coefficient are
assumed to be approximately equal to the values in binary system and then
adopted. In Fig.4-5, the solid and dashed lines denote the calculated and ex-
perimental results, respectively. This figure indicates that the calculated
results obtained from the coefficient D I C are in good agreement with the ex-
perimetal ones in each system.

Thus, the coefficient D 1 C defined in this work is considered to be

useful as the parameter indicating the effects of solute-interaction on the



equilibrium distribution coefficient.
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4.3.2 Effects of Various Alloying Elements on the Equilibrium Distribution

of Nitrogen and Hydrogen between Solid and Ligquid Phases in F e —N,

H_Base Ternary Alloys.

It is important to know the equilibrium distribution behaviours of gaseous
elements in relation to various phenomena during solidification of steels, but
little information has been obtained so far concerning this problem. Then, the
purpose of this sectipn is to discuss the effects of various alloying elements
on the equilibrium distributions of nitrogen and hydrogen between solid and
liquid phases in iron base ternary system by using the foregoing DI C.

The variation of the D 1 C of nitrogen and hydrogen with the concentra-
tion of various alloying elements in Fe—i—X ternary system ( i: N or
H) is represented by Eq.(4-14).

X X,1

lnk)1'(=lnkoi’3/k3’2=(1—k53) €; N (-1

1
i Vx

Since the solubilities of nitrogen and hydrogen in solid and liquid alloys
are considerably small, the effects of these gaseous elements on the distribu-
tion of the alloying element X between solid and liquid phases can be neglect-
ed. Then, in this work, the value of k%z in Fe—X binary system was used as
k% in Fe—i—X ternary system in Eq.(4-14). Also the data of Sigworth et
al., Ishii et al.25'26) and Morita et al.27) were used as 8’{" . Figures 4-6
(A) and (B) show the variations of the coefficient D I C of nitrogen and hy-
drogen with the concentrations of various alloying elements in Fe—N and
F e —H base ternary system, respectively. In these figures, solid lines are
the calculated results when a phase is assumed to crystallize out of liquid
solution and the values of k% for a phase are used in Eq.(4-14). Similarly,
chain lines show the calculated results when the primary crystals are presumed
to be v phase. It is obvious from these figures that C, S i and so on indi-
cating the repulsive effects against N and H increase the D1 C of these

gaseous clements, and on the other hand Cr, T i and so on showing the attrac-



tive effects against N and H decrease the D I C of these gaseous elements.
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4.3.3 Application of Distribu_tion Interaction Coefficient to the Equilibrium

Distribution of P and ' S between Solid and f.iguid Phases in lron Base

Ternary Alloys.

Although the concentrations of P and S are dilute in steels generally,
these elements are known to play an important role in relation to the micro-
segregation. So, many studies have been carried out in order o make clear the
mechanisms of their segregations and also to improve them. Howeyer, the influ-
ences of various alloying elements on the equilibrium distributions of P and
S have not yet been known quite well. In this section, these kinds of effects
are discussed by using the foregoing coefficient D I C when the concentrations
of P and S aredilutein Fe—i—X (i: P or S) ternary system. The
change of DI C of P and S with the concentration of the alloying elements
in Fe—i—X ternary system (i: P or S ) is given by Eq.(4-15).

Ink¥ =1nkd 3 /kb? = (1-18D &Ny (4-15)

As the concentrations of P and S are considered to be dilute in this
work, the equilibrium distribution coefficient of the alloying element in iron
base binary system can be used as k)((is in Eq.(4-15), as described in the last
section. Also, the data of Sigworth et al .]) and Ban-ya et al .28) were adopted
as & . The changes of the coefficients DI C of P and S with various
alloying elements are shown in Figs.4-7(A) and 4-7(B) in Fe—P and Fe—S
base ternary systems respectively. In these figures, solid lines and chain ones
indicate the calculated results for a phase and 7 one, respectively. As can
be seen from these figures, the elements denoting the repulsive effects against
Pand S, e.g. C, Si and so on, increase the DI C of P and S, while
the elements indicating the attractive effects against P and S, e.g. Cr,
V and so on, decrease those of P and S.

Thus, it is obvious that effects of solute-interaction on the equilibrium

distributions of N, H, P and S, vwhich are intimately concerned with the



micro-segregation of steels, can be discussed by using the coefficient D1 C.
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4.4  Conclusion.

The effects of solute interaction on the equilibrium distribution of solute
elements between solid and liguid phases in iron base ternary system were studi-
ed thermodynamically.

The results obtained are summarized as follows.

@® Distribution Interaction Coefficient (DIC), kij s which is defined
as the ratio of the equilibrium distribution coefficient of solute i in
Fe—1i—j ternary system to that in F e— i binary one, was derived as
shown in the following equation.

lnk‘g = Inke v/ Ks= (1-k¥) ej;]N;
D I C is considered to be the parameter indicating the change of the
equilibrium distribution coefficient of solute i with the addition of j.

@ Applying DI C for the equilibrium distribution of element i in
Fe—C—i ternary system, the change of D I C of various elements with the
temperature and carbon concentration corresponding to the liquidus in Fe—C
binary system could be obtained. DIC of Si, Al, Ni and so on having
the repulsive effects against carbon increase with increasing carbon concentra-
tion. On the other hand, DI C of Cr, V and so on having the attractive
effect against carbon decrease with increasing carbon concentration.

The calculated values of kg of various alloying elements in Fe—C
base ternary alloys from D I C are in good agreement with the experimental
ones.

Q@ The effects of solute-interactions on ko of N, H, P and S in iron
base ternary alloys could be estimated by the use of D I C . The elements
denoting the repulsive effects against N, H, P and S in iron alloys, e.g.,
C, Si and so on, increase DIC of N, H, P and S, while the elements
indicating the attractive effects against N, H, P and S in the alloys,

e.g. Cr, V and so on, decrease those of N, H, P and S.



4.5 References.

(1> G. K. Sigworth and ). F. Elliott : Metal.Sci.,8 (1974),298

(2) E. J. Grinsey : J. Chem. Thermo., 9 (1979),415

(3) T. Wada, H. Vada, J. F. Elliott and J. Chipman : Met. Trans.,2 (1971),2199
(4) J. Chipman and J. F. Elliott : Trans. Met. Soc. AIME, 242 (1968),35

(5) T. Wada, H. Wada, J. F. Elliott and J. Chipman : Met. Trans.,3 (1972),2865
(6) T. Mori and E. Ichise : J. Japan Inst. Metals, 32 (1968),949

() A. Morooka and T. Mori . The reports of the Third Japan-USSR Joint Symposi-
um of Physical Chemistry of Metallurgical Processes, (1971),141

(8) M. Wada and T. Saito : J. Japan Inst. Metals, 35 (1961),159
(9) H. VWada, K.Gunji and T. ¥Wada : J. Japan Inst. Metals, 30 (1966),613
(10) F. Neumann und H. Schenck : Arch. Eisenhiittenw., 30 (1959),477

(11) K. Fujimura, T. Mori, T. Azuma and S. Urakawa : Tutsu-to-Hagane, 53 (1973),
222

(12) S. Ban-ya, J. F. Elliott and J. Chipman : Met. Trans.,1 (1970),1313
(13) T. Mori and A. Morooka : Tetsu-to-Hagane,52 (1966),947
(13) ). Chipman : Met. Trans., 1 (1970),2163

(15) S. Suzuki, T. Umeda and Y. Kimura : The 19th Comm. (Solidification), Japan
Soc. Promotion Sci. (JSPS), No.19-10254, (May, 1980)

(16) A. Kagawa and T. Okamoto : Metal. Sci., 14 (1980),519

(7 A. J. W. Ogilvy, A. Ostowskii and D. H. Kirkwood : Metal. Sci.,15 (1981),
168

(18) K. Parameswaran, K. Metz and A. Morris : Met. Trans.,10A (1979),1929
(19) R. A. Buckley and ¥. Hume-Rothery : JISI,197 (1964),895
(20) B. A. Rickinson and D. H. Kirkwood : Met. Sci.,12 (1978),138

(21) K. P. Vunin and U. N. Taran : ”0On the Structure of Cast Iron”, The new
Japan Society for the Casting and Forging, (1979)

(22) A. Kagawa, S. Moriyama and T. Okamoto : J. Mat. Sci.,17 (1982),135

(23) K. Suzuki, A. Taniguchi and K. Hirota . Tetsuy-to-Hagane, 64 (1978),S606

(24) T. Takahashi et al.: ”Solidification of Iron and Steel” ( A Data Book on
the Solidification Phenomena of Iron and Steel ), (1977) Solidification

subcommi ttee, Basic Research Committee on Iron and Steel, ISt]J.

(25) F. Ishii, S. Ban-ya and T. Fuwa : Tetsu-to-Hagane, 68 (1982),1551



(26) F. Ishii and T. Fuwa : Tetsu-to-Hagane, 68 (1982),1560

(27) Z. Morita and K. Kunisada : Tetsu-to-Hagane, 63 (1977), 1663 : Trans. 1S1J,
18 (1978),648

(28) S. Banya, N. Maruyama and S. Fujino : Tetsu-to-Hagane, 69 (1983),921



Chapter 5

Effects of Solute Interactions on the Equilibrium Distribution of Solute

Elements Between Solid and Liquid Phases in lron Base Multi-component Alloys.

5.1 Introduction.

In the foregoing chapter 4, the effects of solute-interactions on the equi-
librium distribution of solute elements in iron base ternary alloys could be
explained by the use of Distribution Interaction Coefficient ( D I C ) defined
in that chapter. In this chapter, D I C was applied to the equilibrium dis-
tribution of solutes in iron base multi-component systems and the new parameter
was derived. Also, the influences of ‘S i, Vand Co on. the variations of
koof Sn and Cu with carbon in F e —C base quarternary alloys were
obtained experimentally and those results were discussed by means of the new
parameter. In particular, Sn is one of the impurities which are difficult to
be removed from steels and it shows unique thermodynamical behaviour in Fe—C
base alloys}) Also, the equilibrium distribution coefficient of Sn in Fe—C
base alloys have not been reported. So, it is considered very important to
investigate ko and the effects of the solute interactions on ko in Fe—C

alloys.

5.2 Derivation of a Parameter describing the Effect of Solute Interaction on

the Equilibrium Distribution Coefficient.

The equilibrium distribution coefficient of solute i in Fe—1i binary

systenm, kibz , is given by Eq.(5-1).
Inké*= il —a3) /RT+1n7) 773+ (=% N )

Assuming that the effects of solute interactions on the solute i in



Fe—i—p—qgq-—r——— multi-component system are approximately describ-
ed by a simple term of Wagner’s formalism concerning the activity coefficient
of the solute in multi-component system, the equilibrium distribution coeffi-
cient of solute i in multi-component system can be derived in the following

equation (5-2).

Inke™ (i) —43) /RT+1n07) /7) + (&= 7%k ) N
Pl pss, Py ol 9,1 _q,s 4 1
+ (- E&%ubH Ny + (- &%) N
+ (e doSko ) N 4 e o v s (5-2)

Here, this multi-component system is supposed to be the n-components system
and the equilibrium distribution coefficient of the solute i is indicated as
K% . When the concentration of the solute i is very dilute, the parts from
the first term to the third one in the rigth-hand side of Eq.(5-2) are nearly
equal to k'¢ of Eq.(5-1). Then, the equation (5-3) can be obtained.

i i s 1 51 S
Lnkp¥ K’ (R 8%E) N+ (& -&k3) N
S1_.r, r 1 e e
+(Er1. Cisko)Nr+
(5-3)
As described in the previous chapter, when the temperature of liquid phase
is equal to that of solid one, the interaction parameter of j on i, 82 s in

liguid phase may be assumed to be approximately equal to that in solid phase,i.e
ol 5 ¢S (5-1)

From Egs.(5-3) and (5-4), the ratio of the equilibrium distribution coeffi-
cient of the solute i in iron base n-components system to that in Fe~i

binary system is represented by the simple equation (5-5).

-81—



i ' 101 101
InkhVKg%= (1-kbh) ep1 N+ (1-kg) eqi N,
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8‘3: = (1-kp) eg’] (5-6)

Here, the parts of ( 1 —-L(é )-z:ij'l in Eq.(5-5) for each solute element p,
g, r and so on are defined as 8/ in Eq.(5-6) and called Distribution Inter-
action Parameter (DI P). The DIP ,8? , is considered to be a parameter
indicating the effect of the alloying element j on the equilibrium distribution
of the solute i between solid and liquid phases in Fe— i — j ternary system.
That is to say, if 83 is positive, the element j has the tendency to in-
crease the equilibrium distribution coefficient of the solute i . On the other
hand, if 8? is negative, the solute j decreases kio .

The effects of the solute interactions on the equilibrium distribution co-
efficients of the solute elements in a few kinds of iron base multi-component
systems were discussed in this work by using the parameter 83 . First of all,
the change of the equilibrium distribution coefficients of some elements with
the carbon concentration in F e —C base alloys were determined experimentally,

and the results were examined by the use of 8?

5.3 Experimental.

In order to investigate the equilibrium distribution of some elements
between austenite and liquid phases in F e —C base alloys, austenite-liguid
coexisted samples were quenched and the concentrations of solutes in each phase
were determined by E PMA. The apparatus for preparing quenched specimens is

shown in Fig.5-1. The experimental procedure was almost the same as described



in chapter 2 and 3. In this experiment, however, the specimens were guenched on
the copper plate with argon gas blow in order to quench the specimens more rapid-
ly than by K OH aqua or oil used at the experiments in chapter 2 and 3.

The equilibration time was determined to be 2.5 or 3 hours. Moreover, area
analysis by E PMA was performed to measure the concentration of the solute
elements, so that the error in the concentration analysis caused by rough

structures in liquid phase part could be as small as possible.

Thermocouple
to pyrometersy Ar<H, gas

(for temp. —)—
measurement
specimen
| — shooter
stopper
/_1/ PP
SiC
furnace
Thermocoupte
to PID ' EE— .
for temp. , _:@Zt " Crucible
( controlling) /
specimen/

It M
— Al’OHZ gas

Ar gas—» —/—— "}
L4
nozzie ] Copper
(gus blow ) anvil
for cooling

Fig.5-1 Apparatus for quenched specimens.

5.4 Results and Discussion.

5.4.1 Effects of Solute Interactions on the Equilibrium Distribution of

Solute Elements between Solid and Liguid Phases in F e — C Base

Quarternary Alloys.

Compositions of the samples and the experimental results are listed in
Table 5-1. Alloy systems investigated in this work are Fe—C—-Sn, Fe—-C
—Cuand Fe—C—Co for Fe—C base ternary systems, and also Fe—

C—Sn with Si, VorCo and Fe—C—Cu vwith V or Co for



Table 5-1 Compositions of the samples (wt¥), holding temperature (K) and
the results of kg .
Fe—C—-—Sn Fe—C—Cu Fe—-C—-Co
Tenp. C Sn ko Temp. C Cu K§ Temp. C Co K%
1418 4.02 1.66 0.84 1443 4.03 1.23 1.64 1465 3.68 1.69 1.24
1485 3.58 1.10 0.863 1495 3.45 1.15 1.43 1548 3.i16 2.06 1.16
1586 2.91 1.03 0.42 1563 3.09 1.08 1.25 1644 2.46 2.15 1.05
1613 2.42 1.64 0.37 1636 2.19 0.96 1.14
Fe—-C—Sn-Si Fe—-C—-Cu-V .
Temp. C Sn Si K K¢ Tem. C Cu V ¥ %
1426 3.92 1.01 1.45 0.58 1.22 1473 3.42 1.37 1.45 1.63 0.24
1484 3.54 1.53 1.49 0.46 1.20 1586 2.52 1.49 1.48 1.21 0.34
1558 2.53 1.37 1.26 0.32 1.03 1643 1.94 1.60 1.51 1.06 0.40
1623 2.07 1.50 1.41 0.28 1.03
Fe—C—Sn—V Fe—-C—Cu—-Co
Tewp. C Sn V k¥ ko Temp. C Cu Co k& &%
1493 3.58 1.46 1.28 0.60 0.27 1485 3.50 1.47 1.23 1.55 1.21
1536 3.13 1.33 1.18 0.50 0.31 1580 2.68 1.23 1.30 1.18 1.12
1613 2.06 1.60 1.41 0.37 0.40 1643 2.05 1.85 1.60 1.04 1.03
Fe—-C-Sn—-Co
Tewp. C Sn Co kg K&
1483 3.55 1.43 1.41 0.57 1.18
1573 2.69 1.52 1.49 0.39 1.10
1613 2.43 1.46 1.30 0.38 0.96
A Kagawa et al.
_1sl & Ogﬁvy et al. Cu o
§ L ci,o Present work
o —— Previous
S 14t chapter 3 /Ni
§ .
§Lb
i -
(=]
g 06
3
5
= 04
3
i
0.2 T———y
Q08 010 a1z o% ok
Cacbon Mole Fraction
Fig.5-2 Change of the equilibrium distribution coefficients of various

elements with the concentration of carbon in F e —C base alloys.



F e — C base quarternary systems. In each alloy, carbon concentration were
changed from 2.0 to 3.8 wi% and the concentrations of all solute elements except
carbon were about 1.5wi%.

Figure 5-2 indicates the variation with carbon concentration of the equi-
librium distribution coefficient of the third element in each F e — C base
ternary system. In this figure, kS is the results obtained by Kagawa et al.2,’3)
and k% and k' are the results obtained in the previous chapter 3. As shown in
Fig.5-2, the magnitude of effects of carbon on the equilibrium distribution co-
efficients of various elements becomes larger in orders of V, Cr, Co, Ni
and Cu. These experimental results are discussed by using the parameter &
in Eq.(5-7), which shows the effects of carbon on the equilibrium distribution
of these elements between solid and liquid phases in Fe— i —C ternary sys-
tem.

1 -

85 = (1-k§) &5’

Since the concentration of the solute i is assumed to be dilute in this
work, the values of the equilibrium distribution coefficient of carbon in F e —
C binary system can be used as k% in Eq.(5-7). Namely, 8¢ is considered to
be dependent only on £$' . Neumann et al.%) reported that g% changes
regularly against atomic number on each period of the periodic table, so that
the variations of the equilibrium distribution coefficients of various elements
with carbon concentration in Fig.5-2 are thought to correspond to the regular
change of €%

The effects of Si, V and Co on the change of the equilibrium distri-
bution coefficient of Sn with carbon concentration are represented in Figs.5-3
(A),(B) and (C), respectively. In these figures, chain lines show the change of

the equilibrium distribution coefficients of Sn in Fe—C—Sn ternary
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Fig.5-3 Change of the equilibrium distribution coefficients of
Sn, Co, Vand S i with the concentration of C
in Fe—C—Sn base systems.

system and solid lines indicates the effects of the addition of Si, V and
Co. The equilibrium distribution coefficient of S n increases with carbon
concentration in F e —C base alloys and the additions of S i decrease kg as
can be seen in Fig.5-3(A). Here, &2 is given as 7.18 5) ,positive and large
value. If only €2 is taken into account, S i is thought to increase the

equilibrium distribution coefficient of S n as described in Fig.5-2. However,



as the equilibrium distribution coefficient of S i is larger than unity in the
high carbon concentration range, the parameter &% is negative. So the decrease
of the equilibrium distribution coefficient of S n with the addition of S i
can be explained by 82\ . Also, as is illustrated in Fig.5-3(B), the addition
of V hardly changes the value of ko' and the effects of C on ko' is smaller
than those in Fe —C—Sn alloys. In this alloy, &Y, is shown to be posi-
tive, but it is known that there exist a few kinds of stable intermetallic com-
pounds in V—Sn binary alloys,s) so that the interaction between V and Sn
is considered to be attractive. In this case, 8§n becomes negative and then
the experimental results can be understood by this negative 8‘_4,,, . Moreover,
Fig.5-3(C) indicates that the effect of the addition of Co on kg of Sn is

small, in which the value of 8% is very small because £§2 is smaller than €3}

£, = 2.08
8 = (1-k% ) g, >0
= ¥ = 1.50 :
I £& =—0.23
o 16 /1 Fe-C-Cu C
ol £ | PRI
312} °© * o
AT
- .
1o} "B <re-c-co

008 Ql0 012 014 0186
Carbon Mole Fraction

Fig.5-4 Change of the equilibrium distribution coefficients of
Cu, V and Co with the concentration of C in
Fe—C—Cu base systems.



and ¥ , and the value of k% of Co is about unity. The experimental re-

sults are thought to correspond to this smaller value of 8%3.

The experimental results of the equilibrium distribution coefficient of
CuinFe—C—Cu—Vand Fe—C—-—Cu—Co alloys are shown in Figs.
5-4(A) and (B), respectively. These figures indicate that V increases the
equilibrium distribution coefficient of C u and the effect of Co is very
small. These results can be interpreted by the use of &Y, and 8% because &,
is positive and the value of 888 is very small as shown in Figs.5-4(A) and

(B).
In this discussion, the calculated values of &¥f , £X ,&l, and €&
obtained by the following equation (5-8)7) are used since the measured values of

these parameters have not been obtained.

I = (- -
S,i - ( er_J+w.|_j WFE-T) /RT

- — 2_ - 2 .

J
where R is gas constant, Vm the atomic volume of the alloy, 8 the solubility
parameter, x the electronegativity and n the number of A —B bonding. The
numerical values8) used for the calculation of Eq.(5-8) are represented in

Table 5-2.

Thus, the & defined in this work is considered to be very useful as the
paramcter indicating the effect of the solute interaction on the equilibrium
distribution coefficient of the solute element. By the way, the interaction
parameter in liguid was assumed to be equal to that in solid in Eq.(5-4). In
the previous chapter, this relation was proposed to be useful for mainly the
interstitial element ( for exampie N, H, C ), and D1 C was used for the
interstitial-interstitial and the interstitial-substitutional solute-inter-

actions. However, it is obvious from the foregoing discussion in this work that



Egs.(5-5) and (5-6),i.e.D 1 C are also useful for the substitutional-substitu-

tional solute interactions.

Table 5-2 Values for calculating e{

element Co Cu Fe Sn )
solubility parameter| 126 107 117 65 119
electronegativity 2.1 -1.9 2.0 1.7 1.1
atomic volume 6.6 7.09 7.10 16.3 8.5
valence 5.7 5.44 5.78 2.44 5.0

5.4.2 Effects of Various Solute Elements on the Equilibrium Distribution of

N, H, P and S between Solid and Liquid Phases in lron Base Multi-

component Alloys.

In this section, the influences of various alloying elements on the equi-
librium distribution of N, H, S and P between solid and liquid phases in
iron base multi-component systems, for example, stainless steels and chromium
steels were discussed by the use of the parameter 8? . The parameter 8;5 of
N, H, P and S calculated from the equilibrium distribution coefficienis of

9) 10~13) are shown in Table 5-3.

various elements”/ and the interaction parameters

First of all, the change of the equilibrium distribution coefficient of N
with the concentration of Cr and N i in iron base alloys is represented in
Fig.5-5. In this figure, the change of the eguilibrium distribution coefficient
of N is denoted as the ratio of the equilibrium distribution coefficient of N
in multi-component system to that in binary one. It is obvious from Fig.5-5 that
the equilibrium distribution coefficient of N increase with the increasing of
nickel concentration and decrease with the increasing of chromium one. Also,
the addition of Mo does not change the dependence of N i or Cr on the

equilibrium distribution of N but it decrease the absolute value of k% .

The changes of the equitibrium distribution coefficients of S and P



with the concentration of Cr and C in the chromium steel are shown in Fig.5
-6 and Fig.5-7T(A),(B), respectively. As shown in Fig.5-6, the equilibrium
distribution coefficient of S decreases with the concentration of Cr while
it increases with carbon concentration. Also, k@ increases with the addition
of S i and it decreases with additing Mn. Figs.5-7(A) and (B) show that
Kk .increases with carbon concentration and decreases with chromium one, and
also it increases with the addition of S i in the region of the high concent-
ration of Cr.

Consequently, Sij defined in this work is considered to be a very simple
parameter indicating the effects of the solute-interactions on the equilibrium
distribution coefficient of the solute elements in iron base multi-component

systems, and it is very useful in some practical uses.

Table 5-3 Values of &/ in iron alloys.

Kkl ® gl 83_'" 5 el! eg" 5) 8 8 &) 8.

Al | 8 0.92 | 1.63Y] 1.96 | 3.57| 4.41 | 0.13 | 0.157| 0.286] 0.353
B | & 0.11 | 4.999 3.03 | 1.49"] 6.59 | 4.44 | 2.70 | 1.33 | 5.87
r 0.05 1.7 | 2.88 | 1.42 | 6.26

¢C | 8017|799 3.75 | 5.43" 6.23 | 6.87 | 3.11 | 4.51 | 5.17
r 0.32 5.37 | 2.55 | 3.69 | 4.24

Co | & 0.94 | 2.61%| 0.38 | ceereeees 0.58 | 0.157] 0.023 [ ceeeeeees 0.035
7 0.95 0.131| 0.019 ] ceeeveeee 0.029

cr | 8 0.95 |-10.19 -0.4 | -6.36%]-2.29 | -0.505} -0.02 | -0.318 | -0.115
7 0.87 X -1.31 | -0.052 | -0.827 ] -0.298

Cu | & 0.70 | 2.229]-0.007| 6.15%]-2.38 | 0.666]-0.002| 1.85 | -0.702
r 0.88 0.266 | -0.001 | 0.738 | -0.281

Mn | & 0.90 |-4.46%-0.30 | 0.0° | -5.87 | -0.446|-0.03 | 0.00 | -0.587
7 0.95 -0.233| -0.015{ 0.00 | -0.294

Mo | & 0.86 | -4.8"0| 0.15 | ceereeees 0.349 | -0.644 | 0.021 | coeeeeees 0.049
r 0.60 . -1.84 | 0.06 | coooerene 0.140

Ni | & 0.83 | 2.79]-0.05 | 0.0” | -0.05 | 0.453]-0.009| 0.00 | -0.009
r 0.95 . 0.135] -0.003 | 0.00 | -0.003

Si | 6091 | 7.89| 3.62 | 7.68“| 7.78 | 0.702| 0.326| 0.691 0.700
r 0.50 2 3.90 | 1.81 | 3.88 | 3.89

Ti | 8 0.60 | -118.2| -3.61 | ceooveeee -14.1 | -27.3 | -1.80 | seveeeces -5.64
7 0.30 0 -82.7 | -2.53 | coeeeeees -9.87

V | 8 0.96 | -21.27 -1.47 | ceeveeeee -3.27 | -0.848 | -0.058 | ++eeveeee -0.131
W 8 0.95 | -4.6101 1.38 | cveerenns 5.05 | -0.23 | 0.067 | ceeeeeeee 0.253
r 0.50 . -2.3 0.67 | ceeoerees 2.53

Zr | 8 0.50 | -2377| -3.98 | ceeveeens -20.2 | -119 | -1.97 | ceeeenees -10.1
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5.5  Conclusion.

In this chapter, so as to describe the effects of the solute interactions
on the equilibrium distribution of solute elements between solid and liquid
phases in iron base multi-component systems, Distribution Interaction Coeffici-
ent defined in chapter 4 was extended to iron base multi-component systems.
Also, the influences of Si, V and Co on the variation of kg of Sn and
C u with carbon concentration were obtained experimentally.

The results obtained are summarized as follows.

@ Distribution Interaction Parameter (D I P), 8;1 was defined as

8 = (1-kbh) &
This parameter shows the effect of the element j on kb of the element i in
Fe—1i—J ternary system.
@ ko of Sn increases with the increasing of carbon concentration and the
addition of S i decreases kg of Sn at high carbon concentration in F e —
C base alloys. The addition of V decreases kg of Sn and the influence
of Co on ksé" is very small. These experimental results could be explained by
use of DIP.
@ ko ’'sof Cu and Co increase with the increasing of carbon in Fe—C
—~Cu and Fe—-C—Co alloys, respectively. The addition of V increases
k%" of Cu and that of Co doesn’t change K¢ of Cu sufficiently in Fe
— C base alloys. These results could be also interpreted by means of DI P.
@ Values of DI P of various alloying elements for P, S, N and H were
determined. Using those parameters, the variation of k% of N with the con-
centration of Cr and N i in stainless steels and the variation of kg of P
and S with the concentration of Cr and C in chromium steels were calculat-

ed.
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Chapter ©6

Equilibrium Distribution Coefficient of Phosphorus in lron Alloys.

8.1 Introduction.

The effects of solute-interactions on ki of P were discussed thermo-
dynamically in the previous chapters 4 and 5. Furthermore, the absolute value
of kb is necessary to examine the micro-segregation of P in steels.

In this chapter, the equilibrium distribution coefficients of P in Fe—
P binary and F e —P —C ternary alloys were determined experimentally to give
value of Ko for a and 7 phases. Also, the effect of carbon on the equilib-
rium distribution of P between solid and liquid phases and the segregation of
P in F e —C base steels were discussed. The relation between kg of vari-

ous elements for a phase and that for 7 phase was also studied thermodynami-

cally.

6.2 Experimental.

Also in this chapter, so as to investigate the equilibrium distribution of
P between solid and liquid phases in F e —P base alloys, solid-liquid
phases equilibrated were quenched and the phosphorus concentration in each phase
wvas determined by EPMA . The apparatus for preparing quenched specimens
is the same as shown in Fig.5-1. After melting down the sample, it was cooled
to a fixed temperature, at which a phase and liquid phase coexisted, and
held at that temperature for 30 or 45 minutes. When the equilibrium was
achieved, by withdrawing the stopper, the sample fell through the hole at the
bottom of the crucible and was quenched on the copper plate with Argon gas blow
as described in 5.4.

Area analysis by EPMA were performed in.this experiment so that the

error in the measurement of the concentration of P in the liquid phase could

be as small as possible.



6.3 Results and Discussion.

6.3.1 Eauilibrium Distribution Coefficient of P between « and Liguid Phases

in Fe—P ,Binary Alloys.

The compositions of P and the equilibration temperature of the sample
used in this experiment to obtain ka in F e —P binary alloys are listed
in Table 6-1. In this work, five samples were used as shown in this table. The
temperature range was from 1733 to 1405 K and the equilibration temperatures
were determined to make the ratio of solid in the samples, which included both
solid and liquid phases in the elevated temperature, about 10 %.

Figure 6-1 indicates the experimental results of the concentration of P
in both solid and liquid phases at various temperatures in F e —P binary
alloys with the liquidus and solidus published by other investigators.]"s) As
obvious from this figure, the present results are in good agreement with the

results by Schiirmann.s) In this experiment, the solid phase equilibrated with

Table 6-1 Chemical composition and equilibration
temperature for F e —P binary alloys.

No Mole Fraction Weight Percent Holding
' of Phosphorus of Phosphorus Temperature/K

1 0.041 2.31 . 1733
2 0.053 3.02 1695
3 0.089 5.12 1603
4 0.134 /.88 1478
5 0.151 8.99 1405






































































































